1. Introduction {#s0005}
===============

1.1. Importance of EE/EED in developing world {#s0010}
---------------------------------------------

Environmental enteropathy/Environmental enteric dysfunction (EE/EED) was firstly described as "tropical enteropathy" in 1960′s, and was defined by chronic histological changes of small intestinal inflammation in individuals living in tropical areas ([@bb0105], [@bb0100], [@bb0160]). Histopathological abnormalities were characterized by decreased villous height, crypt hyperplasia, lymphocytic infiltration of the lamina propria, and increased intraepithelial lymphocytes, which were accompanied by abnormalities in the absorptive function of small intestine, such as xylose and vitamin B12. Since its discovery, tropical enteropathy had not been recognized as a priority health issue because it does not cause overt symptoms and was seen in apparently healthy individuals. However, EE/EED has risen in prominence as a potential cause of growth faltering in children living in developing countries. Also, recent studies demonstrated the association of ED/EED with poor neurocognitive development and low vaccine efficacy ([@bb0185], [@bb0235], [@bb0265], [@bb0205]), resulting in the current great concern of ED/EED in public health of developing countries.

Although the exact pathogenesis of ED/EED and the developmental mechanism of subsequent sequelae remain to be defined, in this review we will share the suggested etiology of ED/EED and discuss a solution for children living in developing countries.

1.2. Search strategy and selection criteria of referenced papers in this review {#s0015}
-------------------------------------------------------------------------------

Data for this Review were identified by searches of PubMed, and references from relevant articles using the search terms "environmental enteropathy" and "environmental enteric dysfunction". Only articles published in English between 1960 and 2016 were included.

1.3. Etiology of EE/EED {#s0020}
-----------------------

EE/EED is hypothesized to be caused by the continuous exposure to contaminated fecally contaminated food, water or fomites in poor sanitary condition. However, the etiology of EE/EED had been misunderstood for a while since its discovery that "tropical enteropathy" occurs due to the location where affected individuals are living, such as climate. Geographical data comparing the intestinal permeability among asymptomatic volunteers from 14 different countries showed "Tropical enteropathy" was present across the tropics, but absent in some tropical areas with high socio-economical countries, such as Singapore and Qatar ([@bb0280]), which supports the idea that these abnormal changes are dependent on the socio-economic status and not on the tropical climate. Therefore, in the present day, "tropical enteropathy" is renamed as "Environmental enteropathy (EE)" or "Environmental enteric dysfunction (EED)".

EE/EED can be acquired by a certain period of time of living in poor sanitation and hygiene, whereas Celiac disease, showing the similarities with EE/EED histologically, occurs among genetically susceptible individuals exposed to gluten containing foods. Early investigations of Pakistanis and visiting residents to Pakistan showed that differences in intestinal permeability and absorptive capacity were related to the area of residence, not the areas of their origin ([@bb0250], [@bb0260]), which was later confirmed by the studies performed in West Birmingham ([@bb0410], [@bb0195]). One study showed that Peace Corps volunteers moving to Pakistan from the United States exhibited malabsorption of xylose (40% of participants) and Vitamin B12 (48%) after 6 months of residence in Pakistan. Moreover, all participants showed abnormalities in histology of jejunal biopsy specimen at that time point. On the other hand, malabsorption of xylose was present in only 3.3% of individuals working for diplomatic and technical assistance organizations who resided in Pakistan during the same period as the Peace Corps group ([@bb0250]). Another study, which investigated asymptomatic Indians and Pakistanis who had moved to the United States, demonstrated that significant improvement in both xylose absorption and villus architecture occurred with increasing periods of residence in US ([@bb0170]). On the other hand, cross sectional analysis of UK immigrants from India and Afro-Caribbean countries showed that immigrants showed higher gut permeability and abnormal histological findings compared to UK born individuals although this study lacked the data of the time from immigration to the study ([@bb0195]). These results demonstrated that EE/EED is acquired by the close contact with unsanitary condition, and abnormalities of EE/EED are at least partially reversible over time.

1.4. Definition of disease and the difficulties in diagnosis in children {#s0025}
------------------------------------------------------------------------

There are no clear diagnostic criteria of EE/EED. Identification of blunted villi and crypt hyperplasia in biopsy specimens collected by upper gastrointestinal endoscopy might be required to support the diagnosis of EE/EED. However, these histological changes, despite the various extents in each individual, are seen in almost all people living in unsanitary conditions in developing countries ([@bb0080], [@bb0255]), whereas extent of physical or mental poor development varies widely. Considered together, the presence of abnormalities in biopsy may not be a predictor of poor outcomes from EE/EED, such as growth faltering, oral vaccine failure and poor neurocognitive development. Furthermore, poor growth is often evident within 1--2 years of life and is largely irreversible ([@bb0050]). It is also known that undernutrition (lower height and weight) at 2 years is associated with lower human capital, represented by shorter adult height, less schooling, reduced economic productivity, and offspring birth weight from the analysis of multiple prospective cohort ([@bb0390]). Diagnosis of ED/EED should be made before at least 2 years of age. However, it is too invasive to perform biopsy by upper gastrointestinal endoscopy of young children (\< 2 year-old). These results suggest that simple, noninvasive and low-cost method should be developed for the diagnosis of ED/EED in developing countries.

Urinary lactulose to mannitol (L:M) ratio is the most commonly used noninvasive method for the diagnosis of EE/EED in previous studies ([@bb0225], [@bb0110]). In one study, it was shown that L:M ratio is well correlated with histopathological change (intraepithelial cell lymphocyte number) ([@bb0080]). However, L:M ratio is not standardized among studies. Also, it is technically complicated for infants because fasting before testing and up to five hour collection of urine are required. Shorter duration of urine collection might induce insufficient sampling due to involuntary micturition of infants. On the other hand, longer duration can be associated with test failure of bagged urine collections ([@bb0110]).

Biomarkers using stool or blood samples are less invasive diagnostic methods, and previous studies have shown their usefulness for the diagnosis of EE/EED ([@bb0405], [@bb0290], [@bb0135], [@bb0165], [@bb0030], [@bb0245]). Recently, Naylor et al. assessed 22 biomarkers of EE/EED by stool or blood from 700 newborn infants who are participants of the PROVIDE (Performance of Rotavirus and Oral vaccines in Developing Countries) study in Bangladesh ([@bb0300]). This study showed that combinations of these biomarkers are useful for the prediction of future growth faltering or oral vaccine low efficacy. They also showed the difficulty to determine a single marker for the diagnosis of ED/EED because of its complexity in pathogenesis.

As described later, EE/EED is not a simple pathological condition of the increased gut permeability by the morphological changes of the gut, but consists of multiple abnormalities, including enteric and systemic inflammations and subsequent metabolic changes. Thus, we should take into account the disease complexity at the diagnosis of EE/EED.

2. Pathogenesis of ED/EED {#s0030}
=========================

The hypothesized pathogenesis of EE/EED is shown in [Fig. 1](#f0005){ref-type="fig"}. People living in poor sanitary conditions are continuously exposed to intestinal bacteria, viruses and parasites by ingestion of food and water contaminated with feces. Ingested bacteria may stimulate the small intestine, resulting in the chronic gut inflammation accompanied by morphological changes, such as flattened villi and crypt hyperplasia. Subsequent increased gut permeability, caused by chronic inflammation and morphological changes in small intestine, induces bacterial translocation followed by systemic inflammation and metabolic changes. Malabsorption, which might be explained by flattened villi, is often accompanied with morphological changes of small intestine ([@bb0215]), resulting in the malnutrition. It is assumed that these abnormalities are overlapping but not equitably occurring in each case. We have to realize which abnormality is present in each individual in order to design effective interventions.

2.1. Impact of continuous exposure to feces on gut microbiome in the small intestine {#s0035}
------------------------------------------------------------------------------------

Although it is likely that continuous exposure to bacteria from feces in upper gastrointestinal tract is the main cause of EE/EED, based on epidemiological studies, it is still unclear how these enteropathogens trigger the development of EE/EED.

Small intestine bacterial overgrowth (SIBO) is a subclinical quantitative abnormality of bacteria in the upper gastrointestinal tract defined by greater than 10^5^ CFU/mL upper intestinal aspirate as assessed by both anaerobic and aerobic cultures ([@bb0315]). Although SIBO is observed among patients with anatomic abnormalities (adhesions after surgery or radiation), inflammation (inflammatory bowel diseases and HIV infection), and metabolic disorders (diabetes mellitus), it is frequently seen in people living in developing countries ([@bb0130]). Importantly, it was also shown that SIBO is associated with growth faltering. An earlier study in Myanmar performing breath hydrogen test after rice meal as a diagnosis of SIBO on 256 village children showed 20.7% of the participants had SIBO and children having SIBO had a high relative risk of having faltered growth ([@bb0230]). Donowitz et al. performed glucose hydrogen breath testing for 90 Bangladesh 2-year-old children, and showed a strong association between the presence of SIBO and higher intestinal inflammation markers (fecal REG1beta and fecal calprotectin). They also showed the presence of SIBO is negatively correlated with growth rate from birth to 2 year of age (delta length for age Z score from birth to 2 years of age) ([@bb0135]). However, in this study, intestinal permeability and systemic inflammation, which are usually elevated in patients with EE/EED, were not associated with the presence of SIBO. These results suggested SIBO partially plays an important role in development of EE/EED.

On the other hand, continuous exposure to fecal material may induce qualitative (compositional) changes of gut microbiota. One report from Bangladesh cohort demonstrated the association between large intestinal microbiota assessed by monthly collected stool samples and severe acute malnutrition. In this study, gut microbiota maturity was measured by "relative microbiota maturity index" and "microbiota-for-age Z-score" which were calculated from the child\'s fecal microbiota relative to healthy children of similar chronologic age. Gut microbiota immaturity correlated with growth faltering as well as malnutrition ([@bb0365]). On the other hand, previous studies on Celiac disease have shown the association between compositional changes of microbiota in small intestine and disease severity or response to treatment in celiac disease ([@bb0395], [@bb0400], [@bb0345]). One of these studies showed that the patients who are resistant to a long-term gluten-free diet (GFD) with persistent symptoms from celiac disease had a higher relative abundance of *Proteobacteria* and a lower abundance of *Bacteroides* and *Firmicutes* compared to patients without symptoms by GFD ([@bb0400]). Considered together, it is suggested that not only quantitative abnormalities represented by SIBO but also qualitative (compositional) changes of microbiota in the small intestine play an important role in the development of EE/EED. Further studies will be required for the comprehensive understanding of the effect of bacterial exposure on the development of EE/EED ([@bb0140]).

2.2. Chronic immune activation in the gut {#s0040}
-----------------------------------------

Chronic exposure to contaminated food, water and household environment with feces induces an inflammatory response that may be asymptomatic. There is one study which performed comprehensive histopathological analyses in Gambia. In this study, histopathological examinations of duodenal biopsy specimens including immunohistochemical staining were applied to 38 rural Gambian children (0.5--3 years). These children had a range of nutritional and clinical status, with median weight z score was − 4.6 and 75% with diarrhea. They compared these findings with 19 age matched UK controls. All Gambian children had the findings of EE/EED by histopathology. Although morphological changes were independent of nutritional status, T cell numbers rose and B cell numbers in the gut fell with worsening nutrition. They have also shown that the ratio of regulatory cytokines (TGF-β plus IL-10) over inflammatory cytokines (IFN-γ plus TNF-α) was decreased in malnourished children compared to well-nourished children ([@bb0080]). This study indicated that chronic T cell mediated inflammatory responses are induced during EE/EED. Recent work using a novel RNA selective isolation procedure from human feces, coupled with high-density whole human transcriptome microarray technology also supported the chronic gut inflammations by T cells in children with EE/EED ([@bb0425]).

2.3. Bacterial translocation {#s0045}
----------------------------

High permeability of the gut induces bacterial translocation into blood. In the study of rural Gambian infants between 8 and 64 weeks of age, plasma concentrations of endotoxin were elevated and related to both growth faltering and measures of mucosal enteropathy in histopathology. This study also demonstrated that immunoglobulin-G-endotoxin core antibody was negatively correlated with height growth (cm/month) and positively correlated with gut permeability (L:M ratio) ([@bb0075]). These results indicate that increased gut permeability induces translocation of bacterial components into blood and induces immune stimulation, resulting in growth faltering. Recently, in a murine model, it was reported that the gut vascular barrier (GVB), which controls the translocation of antigens into the bloodstream and prohibits entry of the microbiota, can be disrupted by some pathogenic bacteria. In this study, GVB was disrupted directly by *Salmonella*. Also, they demonstrated that the GVD is modified in Celiac disease patients with elevated serum transaminases probably due to bacterial translocation induced by disrupted gut barrier function ([@bb0355]). These results suggested that bacterial translocation can be enhanced in a vicious cycle by the disruption of gut barrier and by the exposure to pathogenic bacteria.

3. Health problems in developing countries: Long-lasting consequences by EE/EED {#s0050}
===============================================================================

3.1. Malnutrition and growth faltering {#s0055}
--------------------------------------

Although strategies of breastfeeding promotion for mother and providing sufficient food for children have a large effect on survival, their effect on stunting is small ([@bb0115], [@bb0040], [@bb0145], [@bb0005], [@bb0420], [@bb0015]). For all developing countries, it is estimated that 32% and 20% of children (\< 5 years old) are under-height (height-for-age Z score \< − 2) and under-weight (weight-for-age Z score \< − 2) for age ([@bb0050]). The frequency of enteric infections (diarrheal episodes or positivity of pathogenic gut organisms) in early childhood is proven to be a risk factor of growth faltering ([@bb0020], [@bb0045], [@bb0050], [@bb0090], [@bb0285], [@bb0385], [@bb0085]). Furthermore, it was shown in Gambian cohort in 1991 that the persistent increased gut permeability between 2 and 15 months of age was correlated with growth faltering, regardless of diarrheal episodes ([@bb0265]). These results help us to arrive at the awareness that not only sufficient food and adequate breast feeding but also prevention for chronic gut inflammation by EE/EED are essential to achieve expected growth in children living in developing world. Furthermore, linear growth faltering occurs within the first two years of life, and it is irreversible ([@bb0050]). Considered together, it is necessary to diagnose EE/EED as early as possible in their life.

3.2. Vaccine failure (changes in gut immune responses and systemic inflammation) {#s0060}
--------------------------------------------------------------------------------

It has been shown that many oral vaccines, both live and non-living, are less immunogenic and less protective when administered to individuals in developing countries than those in developed countries ([@bb0340]). The PROVIDE study used several makers of systemic inflammation and gut inflammation early in life, and tested the relation between these markers and vaccine efficacy. Gut inflammation and systemic inflammation were closely related to oral vaccine underperformance whereas systemic inflammation was positively associated with better parenteral vaccine responses ([@bb0300]). This result emphasized that low efficacy of oral vaccine in developing countries are, at least partially, due to chronic gut and systemic inflammation. On the other hand, recent clinical trials of oral polio vaccine efficacy after antibiotic treatment could not demonstrate better OPV efficacy although gut inflammation was improved by the antibiotics. In this study, vaccine efficacy (seroconversion) was negatively correlated with the presence of viral pathogens in stool, especially enteroviruses, adenoviruses and wild rotaviruses ([@bb0175]). This study suggested that direct viral interference of viral pathogens with innate antiviral immune mechanisms is another possible explanation of the poor immunogenicity of oral polio vaccine in children in developing countries.

3.3. Neurocognitive development failure {#s0065}
---------------------------------------

It was shown that enteric parasite infections, such as Giardia ([@bb0035]) and Cryptosporidium ([@bb0180]), and diarrheal episodes as well as stunting during early life are associated with poor neurocognitive development in later life ([@bb0035], [@bb0305], [@bb0180], [@bb0275]). Also animal models have shown that a perinatal inflammatory state has an adverse effect on neurocognitive development ([@bb0060], [@bb0120], [@bb0055], [@bb0360]). Systemic inflammation induced by intravenous administration of lipopolysaccharide (LPS) in early life (14 days after birth) altered emotional behavior at adolescence (30 days after birth) and adulthood (90 days after birth) in the murine model. In this study, decreased phosphorylation of the glucocorticoid receptor in the prefrontal cortex of brain was shown in mice treated with LPS ([@bb0120]). These studies suggest that systemic inflammation results in subsequent poor neurocognitive development.

Other than systemic inflammation induced by bacterial translocation, alteration of iron metabolism is an additional possible explanation for poor neurocognitive development from EE/EED. EE/EED has an influence on the production of hepcidin which is one of key modulators of iron homeostasis. Chronic systemic inflammation induces hepcidin release from liver ([@bb0350]). Hepcidin acts to block iron efflux from various cell types by binding to the iron transfer ferroportin (Fpn), and down regulating its expression ([@bb0375]). Hepcidin finally induces the accumulation of iron in various cells including neurons, astrocytes and microglia in CNS, resulting in accumulation of intracellular iron and lack of iron availability for important development processes, such as myelination, monoamine synthesis, neuronal metabolic activities and the proper development of neuronal morphology ([@bb0330], [@bb0380], [@bb0295]). Although plasma iron levels are often decreased in children with EE/EED, iron supplementation is complicated by low efficacy in developing countries and can result in a more proinflammatory state in the intestinal tract, as intestinal iron enhances bacterial proliferation ([@bb0200]).

In addition, changes of gut microbiota might be related to neurocognitive disorder. Late-onset autism has been associated with abnormal gut microbiota ([@bb0150]). Microbiota regulation of gut derived 5-HT by affecting biosynthesis of enterochromaffin cells may affect neurodevelopment ([@bb0415]). Furthermore, some *in vivo* experiments suggested that microbiota metabolites enhance the production of several neurotransmitters, such as gamma-aminobutyric acid and catecholamine from intestinal epithelial cells ([@bb0025], [@bb0010]). Microbiota-mediated changes in blood brain barrier (BBB) permeability were associated with reduced expression of the tight junction proteins occludin and claudin-5, which regulate barrier function in endothelial tissues ([@bb0065]). Although evidence is only now emerging for the association of EE/EED with cognitive impairment in human ([@bb0205]), it is a possible part of the explanation for the impaired neurocognitive development of children living in poverty ([@bb0330]).

3.4. Mother\'s stunting results in physical and mental development of next generation {#s0070}
-------------------------------------------------------------------------------------

It has been known that Intrauterine Growth Restriction is more frequently seen in the children of mothers with malnutrition. Also, it was reported that maternal malnutrition assessed by BMI \< 18.5 kg/m^2^, height or weight was associated with growth faltering in their children ([@bb0290], [@bb0300]). An additional maternal contribution may be prenatal infection during pregnancy which causes neurocognitive development failure in a murine model ([@bb0060]). Moreover, it was shown that epigenetic changes influenced by nutrient intake can be passed from mother to infant. Seasonal differences in diet and DNA methylation in people living in rural Gambia showed that maternal nutritional status during early pregnancy caused persistent epigenetic changes at human metastable epialleles ([@bb0125]). Considered together, the mother\'s nutritional status and health is an important determinant of physical and neurocognitive development in children, suggesting that interventions targeting maternal health should be considered for preventing health problems in children.

4. Challenges to understand and prevent EE/EED {#s0075}
==============================================

4.1. Efforts for more understanding of the complex pathogenesis of ED/EED {#s0080}
-------------------------------------------------------------------------

As described above, EE/EED is complex pathogenic state in which multiple organs, including the small intestine, systemic circulation, liver and brain, are involved sequentially. Although dysfunctions of these organs overlap, the degree of dysfunction may vary among individuals. Moreover, determinant factors of sequelae such as physical and neurocognitive growth faltering and oral vaccine inefficacy, are still undefined. Naylor et al. applied clustering analysis to socioeconomic data, physiological data, and biomarkers measured by blood and urine from Bangladesh children. They demonstrated 3 major clusters by this analysis ([Fig. 2](#f0010){ref-type="fig"}). Cluster 1 included days of diarrhea and was dominated by systemic inflammation biomarkers. Cluster 2 contained enteric inflammation and micronutrients. Cluster 3 comprised maternal health markers. They compared the association between each cluster and long-lasting consequences (child growth rate and vaccine efficacy). In this study, each cluster was independently associated with child growth or vaccine efficacy, which emphasized the importance of measuring the degree of dysfunction by each involved organ (or each cluster) in order to precisely predict the risk for later sequelae ([@bb0300]).

The Etiology, Risk factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health (MAL-ED) study is a prospective longitudinal study established at sites in 8 countries with historically high incidence of diarrheal disease and undernutrition ([@bb0240]). This study is prospectively collecting data of growth, vaccine response and cognitive development as well as gut microbial ecology, enteropathogen infection, and dietary intake. This multinational prospective study is expected to improve scientific understanding of the complex relationships between ED/EED and its long-lasting consequences.

Research on predisposing host factors is also important for developing effective interventions although EE/EED as its name implies may have a predominantly non-genetic pathogenesis. Apolipoprotein E4 (APOE4) is the gene related to cholesterol transport and metabolism. Studies on children living in poor sanitation in Brazil demonstrated that children who having APOE4 have improved cognitive development after heavy diarrheal episodes compared to APOE4 negative children ([@bb0320], [@bb0325]), suggesting the existence of a protective host genetic factor against neurocognitive poor development by ED/EED. Further investigation on protective host factors should be encouraged to identify the new diagnostic or treatment strategy.

Other than cohort analyses, we should make efforts for revealing pathogenesis of EE/EED by *in vivo* or *in vitro* experiment. Kelly et al. demonstrated bacterial translocation in patients with EE/EED using confocal laser endomicroscopy (CLE) which is a new technique for the real-time visualization and quantification of intestinal epithelial barrier integrity. They showed cell shedding events, which represent epithelial cell defects assessed by CLE, are positively correlated with plasma LPS concentration ([@bb0215]). Yu et al. reported a novel technique extracting host messenger RNA from stool samples. They collected samples from 259 rural Malawian children with varying states of EE/EED, and identified 12 transcripts associated with the severity of EE/EED, including chemokines that stimulate T-cell proliferation, Fc fragments of multiple immunoglobulin families, interferon-induced mediators that dampen cellular responses to hormones ([@bb0425]). These new technologies are expected to further reveal the potential mechanisms of gut damage followed by bacterial translocation in human.

There are some studies using malnourished mice produced by low-protein diet ([@bb0095], [@bb0190]). Maier et al. sought to assess the oral vaccine efficacy among murine protein-energy malnutrition (PEM) model. In this study, PEM mice were produced by the administration of isocaloric multideficient regional basic diet which consists of 5% fat, 7% protein, and 88% carbohydrate. PEM mice showed malnutrition (reduced weight gain) by 3 weeks of age although they could not demonstrate impaired rotavirus vaccine efficacy in these mice ([@bb0270]). Also, Brown et al. established a murine EE/EED model treated by early-life consumption of a moderately malnourished diet, in combination with iterative oral exposure to commensal *Bacteroidales species* and *Escherichia coli*. Murine EE/EED model had similar features of human EE/EED, which showed villous blunting in histopathology, higher intestinal permeability, chronic gut inflammation, and subsequent growth faltering ([@bb0070]). These novel murine models are expected to add to the understanding of the pathogenesis of ED/EED.

4.2. Interventions {#s0085}
------------------

Strategies to prevent or treat enteropathogen infections in the gut are one logical approach, although there are no reports which showed favorable outcomes currently. One study assessing seven days treatment with Rifaximin, which is a nonabsorbable and broad-spectrum antibiotic, for children in Malawi did not show an improvement of L:M ratio compared with placebo at 21 days after finishing Rifaximin treatment ([@bb0370]). Azithromycin also did not improve the immunogenicity of oral poliovirus vaccine. In this study, oral 10 mg/kg azithromycin or placebo once daily was given for 3 days, followed by serotype-3 monovalent oral polio vaccine on day 14. However, fecal biomarkers of EE/EED (calprotectin, myeloperoxidase, alpha1-antitrypsin) were reduced in the azithromycin group ([@bb0175]), suggesting that it might need a certain amount of time for recovery of gut immunity from the treatment of EE/EED by antibiotic.

A probiotic trial for 30 days had no effect on L:M ratio of 3--5 years old Malawian children ([@bb0155]). Also, probiotics and prebiotics for severe acute malnutrition (PRONUT study) did not have an impact on the improvement of malnutrition ([@bb0220]).

Other than bacterial targeted strategies, anti-inflammatory agents, which are used for inflammatory bowel diseases or Celiac disease, are potential candidates for treatment of EE/EED ([@bb0335]). There is one randomized control trial performed in Nairobi, using Mesalazine. The mechanism of action of Mesalazine is blocking transcription of inflammatory cytokines in colonic epithelial cells ([@bb0310]) which is approved to use for inflammatory bowel diseases (IBD) patients ([@bb0210]). In this study, there were no significant differences between the mesalazine and placebo groups in linear growth rate or change in height-for-age z-score after 56 days of study period, which consisted of 28 days treatment followed by 28 days of drug-free period, although primary objective of this study was investigating the safety of mesalazine for children with severe acute malnutrition (SAM). The work of Naylor et al. suggests merit in interventions to improve maternal health and reduce stunting and under-weight at birth to prevent EE/EED ([@bb0300]).

5. Conclusions {#s0090}
==============

EE/EED has a great impact on public health in developing countries due to its contribution to poor physical and mental development, and oral vaccine under-performance. Current research has enhanced our understanding of the pathogenesis of EE/EED. In the near future, murine model and new technologies will give us additional insight into its pathogenesis. Non-invasive and cost-effective diagnostic methods which accurately predict the risk of long-lasting poor consequences of EE/EED will be one part of this response. Efforts to improve maternal health and sanitation offer hope for prevention. Understanding EE/EED offers real hope for interventions to allow children in developing world to achieve their full potential.
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![**Pathogenesis of EE/EED and long-lasting consequences.** Continuous exposure to feces triggers EE/EED in individuals living in poor sanitary condition. Pathogenic conditions are seen systemically as well as locally in small intestine (black arrows). Pathogenic conditions have adverse effects on children\'s health as inducing long-lasting consequences (red arrows). These consequences, in turn, contribute a vicious cycle (blue arrows).\
Abbreviations, EE, environmental enteropathy; EED, environmental enteric dysfunction; SIBO, small intestine bacterial overgrowth.](gr1){#f0005}

![**Cluster dendrogram of biomarkers of EE/EED.** This hierarchical analysis of biomarkers can accommodate a mixture of quantitative and qualitative variables and classify those strongly correlated or similar biomarkers into the same clusters using homogeneity criterion. Adjacent markers are the most closely correlated, while increased distance indicates decreasing correlations. Biological samples (blood or urine) were collected at 6, 12 and/or 18 weeks of age in the PROVIDE study. Cytokines were collected at 18 weeks of age, and analyzed as the association of 50--75th percentile as (2), and 75--100th percentile as (3). Biomarkers were well differentiated by the 3 major clusters, consisting cluster 1 (systemic inflammation in red), cluster 2 (enteric inflammation and malabsorption in black) and cluster 3 (maternal health in green). Adapted from the paper by Naylor et al. ([@bb0300]).\
Abbreviations, IL, interleukin; TNF, Tissue necrosis factor; MIP, macrophage inflammatory protein; CRP, C-reactive protein; sCD, soluble cluster of differentiation; MPO, myeloperoxidase; Reg, regenerating islet derived protein; RBP, retinol binding protein; HAZ, height-for-age Z-score; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z score.](gr2){#f0010}
